This work aimed to evaluate the effects of simulated drift of glyphosate on the morphoanatomy of three eucalypt clones and to correlate the intoxication symptoms on a microscopic scale with those observed in this visual analysis. The effects of glyphosate drift were proportional to the five doses tested, with Eucalyptus urophylla being more tolerant to the herbicide than E. grandis and urograndis hybrid. The symptoms of intoxication which were similar for the different clones at 7 and 15 days after application were characterized by leaf wilting, chlorosis and curling and, at the highest rates, by necrosis, leaf senescence and death. Anatomically glyphosate doses higher than 86.4 g.ha -1 caused cellular plasmolysis, hypertrophy and hyperplasia, formation of the cicatrization tissue and dead cells on the adaxial epidermis. The spongy parenchyma had a decrease, and the palisade parenchyma and leaf blade thickness had an increase. The increased thickness in leaf blade and palisade parenchyma may be related to the plant response to glyphosate action, as a form of recovering the photosynthetically active area reduced by necroses and leaf senescence caused by the herbicide.
Leaf anatomy and morphometry in three eucalypt clones treated with glyphosate

Introduction
Eucalyptus is the most cultivated forest genus in the world, with over 17.8 million hectares planted area, with Brazil ranking third in total planted area. Investment in eucalypt planting and expansion has met the raw material demand for production of paper and cellulose, vegetal charcoal, saw wood, essential oils, fence posts, and construction and furniture wood. This sector has been recently found to have a great potential for carbon fixation exposed to glyphosate drift and on the direct and indirect effects this herbicide molecule has on eucalypts.
Thus, this work aimed to characterize the effects of simulated drift on the leaf anatomy and morphology of three eucalypt genoptypes consisting of clones of two species E. grandis W.Hill ex. Maiden and E. urophylla S.T.Blake, and one hybrid between E. urophylla S.T.Blake X E. grandis W.Hill ex. Maiden. Additionally this work aims to correlate the visual symptoms of intoxication observed with the naked eye with those observed on a microscopic scale.
Material and Methods
The experiment was carried out in an unprotected environment in an area owned by the Department of Plant Biology of the Universidade Federal de Viçosa, from April 12 to June 15 of 2004 (23.7/14 .6 °C average day/ night temperatures, relative humidity 87.3%).
Clonal material of the following genotypes was used: 15 -hybrid of Eucalyptus urophylla S.T. Blake X E. grandis W. Hill ex. Maiden (urograndis hybrid), 72 -E. urophylla S.T. Blake, both provided by Celulose Nipo-Brasileira SA (CENIBRA), and a clone of E. grandis W. Hill ex. Maiden supplied by the Instituto Estadual de Florestas (IEF). Three month old seedlings, 30 cm high were planted in pots with 10 L of clayey soil fertilized with 216.6 g of N-P-K (6-30-6) and 12 g of lime in the ratio Ca: Mg = 4:1 equivalent, with 6 g/ pot of N-P-K (20-5-20) applied 15 days after planting (DAP) of the seedlings, and three applications of 4 g/pot of (NH 4 ) 2 SO 4 at 40, 60 and 80 DAP. A factorial scheme (three clones and five treatments) was used, arranged in a randomized block design, with four repetitions, each pot constituting an experimental plot. The five treatments consisted of the following doses of Isopropylamine salt of N-phosphonometly glycine (glyphosate: Commercial brand name Roundup SC, Monsanto of Brazil Ltd): 0, 43.2, 86.4, 172.8 and 345.6 g e.a. ha -1 corresponding to 0, 3, 6, 12 and 24% of the glyphosate dose of 1.440 g e.a. ha -1 . The glyphosate was applied 23 days after transplanting when the seedlings were 35 cm high using a backpack sprayer equipped with a hand-held boom consisting of two flat fan nozzles TT 110.02, spaced 0.5 m apart, 250 kPa of pressure, and volume of 200 L.ha -1 was used. The herbicide was applied on the plants so as not to reach the superior third. Application was performed in a covered area where the plants remained for 24 hours after application. Weather conditions at the time of application were relative humidity of 85%, air temperature of 21 °C and no wind.
After herbicide application, morphological changes in the aerial part of the plants were daily evaluated. For anatomic characterization of the effects caused by glyphosate, leaves from the third node were collected from the first basal branch of the eucalypt plants at 7 and 15 days after application (DAA). The samples were fixed in FAA 50 (1 formalin/1 acetic acid/18 ethanol 50%) and decrease of CO 2 concentrations in the atmosphere, generating the interest of the private sector to sequester carbon (Alfenas et al., 2004) . The importance of the forest sector, and eucalypt culture, in particular, is partly due to investments on selecting the most productive genotypes and the ones most adapted to each region and to the adoption of more adequate management practices. Such practices allow expressive eucalypt yield gains, which more than tripled in four decades, increasing from 12 m 3 .ha /year (Barros and Comerford, 2002) . Increased yield, reduced production costs and the short time needed to obtain wood, compared to temperate climate forests, confer this sector high competitiveness in the world market.
Weed management is one of most important farming practices especially during the first two years after planting. Weed management becomes one of the major silvicultural problems of eucalypt forestry especially during the rain periods. Management is basically accomplished by chemical and mechanical control methods, alone or in combination (Toledo et al., 2003) , with method choice depending on factors such as terrain topography and characteristics of the weed species present. Glyphosate is applied during weed post emergence, favoring operations in minimally cultivated areas (Toledo et al., 2003) ; in addition, it exerts an effective control over a large number of perennial and annual mono and dicotyledonous weed species, while being completely inactivated when in contact with soil (Malik et al., 1989; Rodrigues and Almeida, 2005) .
In areas where chemical control is adopted, the contact of the herbicide molecule with non-target organisms characterizes drift. For example when non-selective products are applied, such as glyphosate based herbicides, the crop itself can suffer from the effects of the herbicide. The extent of crop damage caused by herbicide drift is directly related to the doses recommended for weed control. According to Rodrigues and Almeida (2005) , there is a wide variation in the glyphosate doses recommended for eucalypts, with doses ranging from 360 to 2160 g of e.a. per ha to control annual and perennial species.
The extent of herbicide drift is approached by examining the effects of the herbicide molecule on the yield and morphology of non-target crops. These works involve the concept of the effect of "simulated drift" of the different herbicide formulations on different crops (Bailey and Kapusta, 1993) , with a great variation being found in the sub-doses used to define the treatments. Leaf parameters such as leaf lesions, growth, changes caused in foliar micromorphology and anatomic and ultrastructural aspects can be used to qualify and quantify the influence of toxic substances on the plants (Fornasiero, 2001; Silva et al., 2005; Sant'Anna-Santos et al., 2006; Tuffi Santos et al., 2007) .
In reforestation areas, glyphosate intoxication of the aerial part of the eucalypt plants has been observed mainly in seedlings and sprouts. In practice, little is known on the behavior of the different genotypes cultivated when
Anatomical characterization
The three Eucalyptus clones studied presented dorsiventral and amphistomatic leaves, with the adaxial epidermis showing a reduced number of stomata which where generally restricted to the area around the midrib. Leaves were glabrous with uniseriated epidermis covering the mesophyll formed by prominent spongy parenchyma and a palisade parenchyma layer ( Figure 1a) .
In all the clones, the anatomical analysis of the injuries caused by glyphosate showed similar symptoms both at 7 and 15 DAA. Anatomic injuries were observed in the leaves of the plants exposed to glyphosate doses of 86.4; 172.8 and 345.6 g.ha -1 in the three clones evaluated. These injuries included the occurrence of plasmolyzed epidermal cells on the adaxial face of the leaf, as well as hypertrophy of the chlorophyll parenchyma cells leading to the collapse of this tissue (Figures 1b and 1c ) morphologically seen as necrotic areas, and the decrease of the intercellular spaces in the spongy parenchyma ( Figure 1c ). In areas where either plasmolyzed cells were found, cells with hypertrophy or close to the necrotic areas there were compounds that stained an intense red colour with fuchsine stain ( Figure 1d ).
As a response to injury, hyperplasia of the mesophyll cells was induced, leading to the formation of a cicatrization tissue (Figures 1e and 1f) constituted by volumous cells of thickened cellular walls (Figures 1f and 1g ), isolating the necrotic areas of the non-affected tissues (Figures 1e).
Secretory cavities are dispersed in the mesophyll under the epidermis (Figure 2a ). The midrib has bicollateral vascular bundles (Figure 2a) , with the presence of calcium oxalate crystals being common (druses and monocrystals). The midrib shows cellular plasmolysis and consequent formation of large intercellular spaces, as well as hypertrophy of the parenchyma cells and intense coloration caused by fuchsine in the affected areas (Figures 2b and 2c) . Plasmolysis of almost all the tissue was verified in the necrotic midrib, with only the xylem elements remaining apparently intact with well-defined cell shape (Figure 2d ).
Micromorphometric analysis
At 7 DAA, a sub-dose and clone evaluated interaction was observed for thickness of the spongy parenchyma (Sp) (p < 0.01), with no effect of the isolated factors on the variables studied being observed (p > 0.05). The sub-dose x clone (p < 0.01) interaction was observed at 15 DAA for thickness of the leaf blade and palisade parenchyma (Pp). An isolated sub-dose and clone effect was observed (p < 0.01) on thickness of Sp but not (p > 0.05) for leaf blade, Pp, adaxial (Ade) and abaxial (Abe) epidermis.
Values at 7 DAA and their respective average tests for the three clones are shown in Table 1 . The urograndis hybrid and E. urophylla presented a higher Sp thickness than E. grandis for 0, 43.2 and 345.6 g.ha -1 of glyphosate (Table 1) . In E. urophylla, at 7 DAA, there was an inand stored in ethanol 70% (Johansen, 1940) . Samples of the central portion of the leaves were dehydrated in an ethylic/butylic series and embedded in histological paraffin (Johansen, 1940) . Transversal cuts, 12 μm thick, were obtained by using an automatic rotative microtome (model RM2155, Leica Microsystems Inc., Deerfield, USA). The cuts were stained with basic fuchsine and astra blue (Gerlach, 1984) and the slides mounted with synthetic Canada balsam. Analyses and photographic documentation were performed using a light microscope (model AX70TRF, Olympus Optical, Tokyo, Japan) with U-Photo system and digital camera (model 3.2.0 Spot Insight color, Diagnostic Instruments, Inc., USA).
Thickness of the leaf blade, palisade parenchyma (Pp), spongy parenchyma (Sp) and adaxial (Ade) and abaxial (Abe) epidermis were measured in the transversal cuts, for the three clones studied. Thickness data were obtained by means of the software "Image-Pro Plus", with a total of 27 observations/repetition for each structure evaluated.
The data obtained were submitted to analysis of variance by the F test, and the averages compared by the Tukey test at 5% probability.
Results
Morphological characterization
Intoxication was proportional to the doses tested, with the most intense being verified in the plants treated with the highest glyphosate doses. The first intoxication was observed at 4 DAA and characterized at 7 DAA by wilting, chlorosis and curling of the apical leaves of the plants sprayed with glyphosate doses at concentrations above 86.4 g.ha -1
. Also, necrosis and death of the terminal twigs and branches were observed at greater intensity in plants of E. grandis and urograndis hybrid treated with 172.8 and 345.6 g.ha -1 of glyphosate. Necroses occurred mainly on the leaf margins and close to the leaf midrib. Plants of E. grandis sprayed with glyphosate dose of 345.6 g.ha -1 presented severe intoxication symptoms at 15 DAA. At the same time, slight chlorosis and apical wilting were visible in the three clones treated with 43.2 g.ha -1 of glyphosate, being more evident in E. grandis. However, these symptoms disappeared at 45 DAA, indicating a total recovery of the plants.
From 30 DAA, new sprouts were observed in plants of E. urophylla and urograndis hybrid treated with 172.8 g.ha -1 of glyphosate; however, sprouts of urograndis hybrid showed more intense symptoms than E. urophylla. New sprouts were not observed in E. grandis and in plants of the three clones treated with the highest glyphosate dose (345.6 g.ha -1
). E. grandis was most susceptible to glyphosate with 75% seedling death at 45 DAA in plants treated with 345.6 g.ha -1 of glyphosate, while E. urophylla and the hybrid E. urophylla x E. grandis had 15 and 0% dead plants respectively.
However, E. grandis plants treated with glyphosate dose of 345.6 g.ha -1 presented the smallest Sp thickness at 7 DAA (Table 1) . Such a fact may be attributed to the foliar tissue collapse caused by glyphosate in this species, given the greater sensitivity of this clone to the herbicide.
crease in Pp thickness in plants exposed to doses higher than 86.4 g.ha -1 of glyphosate (Table 1) , the same being verified for the three clones at 15 DAA (Table 3) . On the other hand, in urograndis hybrid and E. grandis a tendency to increased Sp thickness was observed proportionally to the increase of the doses at 7 DAA (Table 1) lyzed (Table 2 ). The increase in Pp thickness of all clones exposed to glyphosate doses above 86.4 g.ha -1 led to an increase in leaf blade thickness only on urograndis hybrid (Table 3) Means followed by small letters in the column and capital letters in the line do not differ by the Tukey test at 5% probability.
plants treated with this herbicide have probably caused the observed chloroses. The appearance of sprouts with intoxication symptoms in glyphosate-treated plants aiming at stump regrowth control was described by Dantas et al. (2001 ). Tuffi Santos et al. (2005 described the emission of normal and abnormal sprouts with intoxication symptoms in eucalyptus plants submitted to simulated drift at glyphosate doses of 172.8 and 345.6 g.ha -1
. Magalhães et al. (2001) , working with glyphosate drift simulation in maize and sorghum cultures, observed a drop in yield and necroses in the aerial part of the treated plants with doses over 8% of the dose of 1440 g.ha -1 and that the sub-dose of 12% caused 53% of intoxication in the plants.
The anatomic structures observed in the species E. grandis and E. urophylla as well as in the hybrid urograndis are similar, and agree with the description of the genus Eucalyptus (Metcalfe and Chalk, 1979; Metcalfe, 1987) . The cellular contents stained intensely dark red by fuchsine in plants treated with the highest doses of glyphosate are probably associated with the accumulation of phenolic compounds in similarity to responses in other plants exposed to herbicides and pollutants (Silva et al., 2005; Tuffi Santos et al., 2005; Sant'Anna-Santos et al., 2006) , with the phenolic nature of these compounds
Discussion
In this study the development of injuries to the older parts of the eucalypt plants caused by glyphosate drift to the younger parts of the plants were verified, and corroborates literature reports and the fact that glyphosate is a systemic product of high mobility in the plant. According to Bromilow and Chamberlain (2000) , glyphosate applied to the leaves is highly mobile in the plant and distributed through the symplastic pathway to the roots and the meristematic regions of the plant, during leaf application. The injuries caused by glyphosate develop from the younger parts towards the older parts as a result of weed control applications when adequate doses are used, and a result of drift when sub-doses of the product come into contact with non-target plants (Tuffi Santos et al., 2005; Tuffi Santos et al., 2007; Magalhães et al., 2001) . The herbicide's high mobility would explain the occurrence of the necroses concentrated on the borders and on the region close to the midrib of the leaves.
Wilting, chlorosis and necrosis symptoms observed in this study were also reported by Tuffi Santos et al. (2005) and Tuffi Santos et al. (2007) , in urograndis hybrid plants sprayed with 172.8 and 345.6 g.ha -1 of glyphosate. Chloroplast degeneration (Campbell et al., 1976) and/or inhibition of chlorophyll formation (Cole et al., 1983) in Means followed by the same small letter in the column and capital letter in the row do not differ by the Tukey test at 5% of probability. show that plant tolerance to glyphosate is due to a differential penetration or translocation (Sandberg et al., 1980; D'Anieri et al., 1990; Satichivi et al., 2000; Monquero et al., 2004) . The herbicide absorption rates and, consequently, their efficacy, are directly related to the types of structures found in the leaf and to cuticle permeability (Baker, 1982) , which, in turn, depends on its chemical constitution and polarity. Studies show that the stomata, where the cuticle on the guard cells is thinner and more permeable to polar substances (lower content of epicuticular wax), are a likely route to herbicide penetration (Hess and Falk, 1990; Schreiber, 2005) . Such a fact may favor glyphosate penetration in plants where the presence of stomata is significant, mainly on the adaxial face of the foliar epidermis, where the contact with the herbicide applied in most plants is largest. The three eucalyptus clones studied have stomata in both epidermal faces; however, the reduced number of stomata on the adaxial face and the limiting drift contact with the abaxial face of the foliar epidermis make the stomata an unlikely route of glyphosate absorption.
Further studies on the characterization and constitution of the foliar cuticle as well as on glyphosate penetration and translocation are needed to elucidate the differential tolerance shown by different eucalyptus genotypes to glyphosate drift.
The effects of glyphosate drift are proportional to the doses applied, with E. urophylla being more tolerant than urograndis hybrid and E. grandis, respectively.
Glyphosate doses of 43.6 and 86.4 g.ha -1 caused a slight intoxication in the plants of the three clones, with a total recovery of those treated with 43.6 g.ha -1 being observed with time.
Glyphosate altered the thickness and proportion of the leaf blade tissues, with the greatest changes being observed in the palisade parenchyma.
There is a similarity among the clones studied between the morphological and anatomic changes observed in the plants treated with the highest doses of glyphosate. No significant difference was found in the microscopic observations that may explain the difference in tolerance among the studied clones exposed to glyphosate drift. was confirmed through specific histochemical reactions by Soukupová et al. (2001) in species of the genus Picea. However, histochemical tests must be carried out to confirm the nature of these contents in eucalypt leaves exposed to glyphosate drift. The presence of phenolic compounds is common in the genus Eucalyptus (Metcalfe, 1987) and the accumulation of these substances is a defense mechanism activated by biotic and abiotic factors which induce stress (Vaughn and Duke, 1994) .
Glyphosate killed epidermal cells of all three clones examined in similarity to reports by Tuffi Santos et al. (2005) on urograndis hybrid plants exposed to glyphosate drift. Dead epidermal cells may facilitate a route for pathogen entry into eucalypt plants exposed to glyphosate drift (Tuffi Santos et al., 2005; Tuffi Santos et al., 2007) . In addition, Rizzardi et al. (2003) report that subdoses of glyphosate may facilitate the attack of pathogens due to a reduction in accumulation of phytoalexins and lignin (Lévesque and Rahe, 1992) which are both considered physical-physiological barriers of the plant. Thus, the predisposition of the eucalypt plants to a greater susceptibility to diseases in addition to the anatomical damage caused by glyphosate drift in this crop is a fact that must be further investigated for a better understanding of plant, pathogen and glyphosate interrelations.
The anatomical and morphological responses in eucalypt plants treated with glyphosate, under simulated drift, are evident and, in general, associated with plant protection and rehabilitation. The differentiation of a cicatrization tissue in eucalypt clones submitted to glyphosate drift acts as a barrier preventing necrosis to develop into other leaf regions and results from the ability of these plants to forming new tissues based on the proliferating capacity of the parenchyma cells (Dickison, 2000) . The formation of this barrier in response to stress would prevent necrosis development into other leaf regions as observed in response to other stress such as atmospheric pollutants (Silva et al., 2005; Sant'Anna-Santos et al., 2006) . Increase in Pp thickness and proportional area may be the response of the plants to compensate the loss of the photosynthetic area due to foliar senescence and necroses caused by glyphosate action. Thickness variation of the Sp and Pp and, consequently, of the leaf blade in glyphosate-treated plants may be the result of cellular proliferation and hyperplasia observed in the foliar mesophyll tissues of eucalypt plants exposed to drift. Abu-Irmaileh et al. (1979) reported increased cellulases yield in bean plants treated with glyphosate. The likely increase in the concentrations of these enzymes in the foliar tissues of eucalyptus may loosen the structure of the mesophyll cell walls, leading to their expansion.
The morphological data show a differential herbicide tolerance among the three clones studied, with E. grandis being more susceptible to glyphosate drift. However, the anatomical structure and histological changes found in the leaves of plants exposed to glyphosate are similar for the three clones, with no marked differences being found to explain the tolerance difference. Some literature works
